A few previous studies have reported the areas, heights, and widths of the IVFs in dry bones of cadavers measured using a caliper or imaging studies, such as computed tomography (CT) or magnetic resonance imaging (MRI). Due to its three dimensional property of dry bone, a simple planar measurement for the structure revealed several limitations. These barriers were common in measurement with CT or MRI because computerized images were viewed in a sagittal or an axial plane which only showed two dimensional plane. Therefore, these previous studies showed their limitations for measurement of three dimensional structures. Moreover, the results of the lumbar vertebrae showed inconsistency, which seemed to arise from differences in methodologies [4] [5] [6] [7] [8] .
The author presents a method to measure the areas, heights, widths, and perimeters of the IVFs in the lumbar region, from L1 to L5, using silicon molds. As silicon can be molded as shape of the structure until it is solidified, this advantage could be used to mimic the same morphology of a complex bony structure to reveal three dimensional properties [9] . After being removed from the bone, the silicon can be cut to show its cross section that might explain real three dimensional structures. Thus, this method might provide the three-dimensional parameters of the IVFs that are close to the original values in vivo.
Materials and Methods

Cadavers
The author studied 15 male and 6 female cadavers after approval of the ethics committee. All cadavers were proved to have no identification for each of them to protect human rights. All cadavers were formalin-fixed in the supine position with no distortion, lateral rotation, flexion, or extension. After preparation of cadavers, three male cadavers damaged by the students were excluded from this study. The average age of the cadavers was 58 (58.0±15.5) years (range 25~84 years). None had a history of vertebral pathology or physical trauma. Before dissection for the bony foramen, the center of the spinal nerve was defined as the point through which the nerve exited the vertebral canal in the sagittal plane. All centers of the spinal nerves surrounded in situ by fat or connective tissue in the IVF were examined to measure their positional levels. The en bloc lumbar vertebral columns of 18 cadavers were carefully examined from T12-S1. The author defined the foramen between the L1-L2 vertebrae as L1. All the blood vessels, ligaments, and connective tissues were dissected to expose the bony vertebral column. 
Silicon molding of foraminal space
To determine the narrowest cross-section of the IVF, melted silicon glue (Microfil; Flow Tech Inc., Carver, MA) was poured into each foramen and kept until it hardened. The hardened mold did not show any contraction or expansion in the foramen. The author defined the narrowest part of the foramen when the author measured the smallest value of the perimeter of the foramen with three times trials. After extraction, the narrowest part of each mold was carefully examined visually in various views, marked with a pen, and sliced gently using a sharp saw. Each of the narrowest section was stamped with ink on a recording paper and scanned for the digital imaging process. Some of the scanned images showed holes, which were filled in black using Adobe Photoshop CS. The areas, perimeters, and supero-inferior (height) and antero-posterior (width) diameters of all the digital images were measured using the National Institute of Health (NIH) image software ( Fig. 1 ). All the procedures were performed bilaterally, although both right and left side data were combined for statistical analyses.
Statistical analysis
The author fitted a linear mixed model to the data considering the repeated measures in the left and right sides. In order to test the difference of the means of each levels, the author performed a multiple comparison analysis of the means of the areas, perimeters, heights, and widths measured in the five lumbar foramina (from L1 to L5) using the Bonferroni's adjustment respectively. In addition, the author performed the linear-by-linear association test to reveal any trend or association between the five lumbar foramina and the location level of the nerves passing through the IVFs. All probability values of under 0.05 were considered to be statistically significant. The SAS software (version 9.4, SAS Institute Inc., Cary, NC, USA) was used for all statistical analyses.
Results
Area and perimeter of the lumbar intervertebral foramen
The means of the areas and perimeters of the IVFs showed a stable pattern at all the lumbar vertebral levels. The means of the areas showed no statistical difference in (A) (B) the right and left sides, whereas the means of the perimeters showed statistical difference between the right and left sides (p = 0.034). The area of the section at the L3 level (9.94±2.92 mm 2 ) was the largest among the areas of all the lumbar vertebral levels. The order of decrease in average area was L3>L2>L4>L5>L1, although the data showed no statistical significance. The perimeter of the section at the L3 level (50.57±8.35 mm) was also the largest. The order of decrease in average perimeter was L3> L2>L4>L1>L5, with no statistical significance ( Table 1) .
Height and width of the lumbar intervertebral foramen
The means of the heights and widths showed no statistical difference in the right and left sides. The L5 IVF was the shortest (13.00±3.04 mm) and widest (8.61± 2.43 mm) (Fig. 2) . The means of the heights showed the following order: L2>L3>L1>L4>L5. The means of the widths showed the following order: L5>L4> L3>L1> L2 (Table 2) . From L1 to L4, the heights and widths of the IVFs showed a stable pattern that was similar to the areas and perimeters regarding the statistical significance. However, in multiple comparison analysis of the IVFs of all the lumbar levels, differences were observed (Table 3) . A multiple comparison analysis using the Bonferroni's correction revealed that the height differences in L1-L5, L2-L5, and L3-L5 and width differences in L1-L5, and L2-L5 showed statistical significance, while the differences in the lumbar vertebrae (L1 to L4) showed no statistical significance (Table 4 ).
Position Levels of Nerve Exit in the IVFs
The levels of the spinal nerve pathways through the IVFs revealed a pattern similar to the heights of the IVFs. 
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A linear-by-linear association test revealed that the location levels of the nerve pathways had an association with the lumbar levels (p<0.0001). Only in the L1, the spinal nerves were located above the intervertebral disc (four cases), whereas at the other lumbar levels this was not observed. The ratio of the upper and middle levels of the intervertebral disc at L1 was about two-thirds. The middle and lower levels formed a majority in L2, and a similar pattern was observed in L3 and L4. However, in L5, twothirds of the nerves were located below the intervertebral disc ( Table 5 , Fig. 3 ).
Discussion
The means of the areas and perimeters of the IVFs showed no statistical differences at all the lumbar levels, although the heights and widths of the IVFs changed. From L1 to L4, there were no statistically significant differences in the heights; however, a decreasing tendency of the height was observed from L2 to L5. As L5 was the shortest, a multiple comparison analysis at the lumbar levels, L1-L5, L2-L5, and L3-L5, showed height differences. In contrast to the result of the height, the widths of the IVFs tended to increase from L2 to L5, and L5 was the widest. The lumbar differences, at L1-L5 and L2-L5, showed statistical differences, but with no differences from L1 to L4. Although the values of IVF at L4-L5 showed no statistical significance, it seemed to exhibit a transitional state to L5 regarding the height and width. These results may indicate that the heights and widths of the IVFs changed at each lumbar levels, whereas, the areas and perimeters of the IVFs remained constant. As the lumbar vertebrae support the upper body, it might explain consistence of morphology or volumes of the bone. These might show a similar pattern of the IVFs from L1 to L4. However, as it goes to the L5 and the sacrum level, function of body supporting could be changed, which might show that the height and width of IVF at the L5 differed from those of other levels. The spinal nerves revealed a pattern similar to the heights, and were observed from a higher to lower position in the IVF along the L1-L5 lumbar vertebrae. The spinal nerves tended to have a high position at a high lumbar level (L1) and a low position at a low lumbar level (L5). This pattern seemed to indicate that the L5 spinal nerve was specifically lower because the L5 IVF height was shorter than the IVF heights at other lumbar levels.
Although previous studies were performed with calipers because of their practical limitation in measurement of the IVFs, this study provided a three-dimensional method to measure the parameters of the IVFs. Because an IVF has a complex morphology, which is difficult to measure due to its three-dimensional characteristics [10] , the author made silicon molds fitting the IVFs. When silicon model is solidified, it shows hardness but has flexibility like a rubber. Thus, silicon model remembers and returns to its shape after torsion, twist, or other changes. Moreover, before silicon is solidified, it could be melted to fit a shape to mold. With this flexible property, the author filled the lumbar Fig. 3 . Nerve location levels in the IVFs. From L1 to L5, lower lumbar level tends to have lower position of nerve pathways. The L5 has many nerve pathways running below the intervertebral disc level (U = upper, M = middle, and L = Lower 1/3 of the intervertebral disc). IVFs with silicon. The silicon molds of the IVFs were not grossly different from the spaces of the IVFs. The author measured the smallest area and perimeter of the silicon mold when it was examined because the author understood the importance of a narrowing foramen which might cause compression of nerves or blood vessels. Therefore, several times trials were adapted before cutting the mold to measure the smallest perimeter as a definition of the narrowest values of the IVFs. Using scanned molds, computerized analyses were applied to measure the areas, perimeters, heights, and widths of the IVFs. Previous reports regarding IVFs have shown that the average range of IVF height was 11~19 mm and the average width was about 7 mm in cadavers or dry bones measured using calipers [11] .
Recent in vivo study that used 3D CT also revealed that foraminal height was between 15.9 mm and 18.0 mm and foraminal width was between 5.0 and 7.2 mm. Moreover, the height order reported in this study (L2>L1>L3> L4>L5) was very similar to my result (L2>L3>L1> L4>L5) with a slight difference [10] . Previous reports have shown varied results because the IVFs were of various shapes and sizes [4] [5] [6] [7] [8] . Other imaging studies using CT or MRI have shown different measurements methods; however, they only studied the two-dimensional aspect because of their sectional plane [5, 7, 12] . The author selected and cut the smallest area of the molds by careful visual inspection of the sagittal plane; therefore, the results of this three-dimensional analysis using silicon molds resembling the IVFs could provide precise results of IVF characteristics.
The overall areas and perimeters of the IVFs showed no statistical difference from L1 to L5. This result was different from former results that observed that the areas of the sections were different at each vertebral levels. Using MRI, various studies have revealed that the average sizes of L1-L2-L3-L4 were similar; however, L5 was the smallest in both men and women of all ages [4, 5, 12] . Unlike some results showing that the area of the section increased from the L1 to L5 level, another result revealed that the area of L5-S1 was smaller than that of L3-4 or L4-5 and similar to that of L2-L3 [13] . Other studies have shown that the average cross-sectional area decreases in the following order: L5-S1>L3-L4>L2-L3>L4-L5>L1-L2 [14] . A comparison of CT and MRI results revealed that the height of the IVF was the tallest at L1 or L2 and shortest at L5, thus showing a decreased tendency from L1 to L5, similar to my results [7, 12] . Moreover, an MRI study showed that the average height of the IVFs was 20.90± 1.70 mm and revealed a dependent lumbar level pattern in men aged 20 to 50 years old [11] . Although this study did not perform a multiple comparison analysis among the lumbar levels, its results of the decreasing tendency and the L5 height were similar to my results. In a Japanese study that evaluated MRI results, the height range of the IVFs was similar to that observed in my results from L1 to L4, except at L5 (L1-L2, 17.1±2.0 mm; L2-L3, 18.4± 1.7 mm; L3-L4, 18.1±1.5 mm; L4-L5, 17.3±1.8 mm; L5, 17.1±3.6 mm) [5] . The heights of the IVFs in my study were as follows: from L1 to L4, 16.4±3.0 mm; L5, 13± 3.0 mm, which was within the range of 11~19 mm observed in previous studies [11, 15] . These correlations might reveal the reliability of my method. Magnusson observed that the average IVF width was 7 mm, which supported my results (7.5 mm) [15] . In contrast to this results showing that L5 IVF was the shortest in height and widest in width, some previous studies mentioned that the heights and widths of the IVFs were similar at all the vertebral levels [5, 16] . Moreover, in a dry bone study, conducted in Switzerland, regarding the widths of the IVFs revealed that the L5 width was narrower than that of L1, showing results contrary to my results. These differences among the results of IVF studies might be due to differences in age, sex, and number of subjects, and differences in demography and the methods used for the studies.
This study had several limitations with regard to age-, and sex distribution and the number of cadavers due to donation problems. Aging in humans could make the intervertebral disc shrink, thus shortening the heights of the IVFs. Moreover, previous studies reported that alteration of height of IVFs and disc were related, which might mean that the intervertebral disc could also affect all aspects of morphology of the IVFs [10, [16] [17] [18] . Therefore, a further research based on a classification according to the ages would be effective in analyses. Furthermore, men are generally larger than women; however, the Switzerland study observed that the widths of female IVFs in the lumbar region were somewhat larger than that of male IVFs [19] . Thus, a subsequent study to investigate the relationship of sex differences and parameters of the IVFs should be conducted. Additionally, the perimeter only showed a difference in the right and left sides, which was not found with regard to the area, height, and width. This phenomenon should be verified in a future study including a large sample sizes. Moreover, in a future study, the results should be verified using vertebral movements, which could indicate dimensional alterations to the IVF and the nerve location level in the IVF [2, 20] .
The lumbar IVFs characteristics were studied using silicon molds in this research; the cervical or thoracic vertebral columns should be analyzed in future. The author hopes that a further study will be conducted using three-dimensional analyses of imaging studies with silicon molds of cadavers to improve the methodology. The results of this study could be used to perform precise surgery on the lumbar vertebral fracture or other bone deformities. In addition, more accurate knowledge on the IVF might be used a new development of medical devices or nerve root blocks near the IVF.
